The ability to image through metallic enclosures is an important goal of any scanning technology for security applications. Previous work demonstrated the penetrating power of electromagnetic imaging through thin metallic enclosures, thus validating the technique for security applications such as cargo screening. In this work we study the limits of electromagnetic imaging through metallic enclosures, considering the performance of the imaging for different thicknesses of the enclosure. Our results show, that our system can image a Copper disk, even when enclosed within a 20 mm thick Aluminum box.
I. INTRODUCTION
E Induction Imaging (EII), closely related to the Eddy Current Array (ECA) technique 1,2 used in the nondestructive testing and Magnetic Induction Tomography (MIT), [4] [5] [6] [7] [8] [9] [10] [11] is a non-contact imaging technique which relies on the establishment of eddy currents in a conductive sample via an applied alternating field, and the detection of the secondary magnetic field generated by these eddy currents. An important area of application of EII is in security. Previous work 3 demonstrated the penetrating power of EII through thin metallic enclosures, thus validating EII for security applications such as cargo screening. In this work we study the limits of EII through metallic enclosures, considering the performance of the imaging for different thicknesses of the enclosure. Our results show, that our EII system can detect a magnetic signature of a Copper disk, even when enclosed within a 20 mm thick Aluminum box. This paper is organized as follows. First, the principles and technical details of our experimental system are described. Then, we report on an experiment to image through Aluminum enclosures of different thicknesses. The potential for imaging through four common metals is discussed. In the final section we summarize these results.
II. EXPERIMENTAL SET-UP
The set-up is the same as the one used in our previous work. 3, 13 The computer-automated set-up includes a Helmholtz-coil assembly (driver coils), with a planar array of 20 × 20 sensor coils placed on a platform between the two Helmholtz coils (Fig. 1) . A near-to-uniform primary AC magnetic-field is established by a Helmholtz-coil assembly. The primary field, B, excites eddy currents in the conductive sample-object, which generates its own opposing secondary-field, ∆B. The secondary field is detected by each sensor coil in the planar array. Imaging is achieved via phase-variation measurements between the signals of the driver and sensor coils, for each sensor-coil position. For the high conductivity and low permeability metallic-specimens examined here, the phase values are considered as related to the conductivity of the specimen only, i.e. conductivity-maps are generated.
4,12 Table I shows the dimensions of these two types of coils, and Tables II and III give electromagnetic measurements of the coils at the frequencies used in the experiment.
The metallic specimen for imaging rests on top of the sensor array, separated by a sheet of graph paper, as shown in Fig. 1 . A 150 W AC amplifier increases an oscillator signal to 27 V rms across the driver coils. This gives drive currents of 2.05 A rms, and a magnetic flux density at the level of the sensors as 2.9 mT rms at 10 Hz, with 21.4 mA and 0.03 mT rms at 2 kHz, as indicated in Table II . A Signal Recovery 7230 DSP dual-phase lock-in amplifier measures the voltage phase-difference between the driver and sensor coils. This is with the aid of an Agilent 34980A multiplexer, to automatically switch between 400 coils of the sensor-array, in 1 second intervals. The whole process is automated via LabVIEW, with the phase-difference data saved to an output file. The phase data matrix is concatenated with the positional data to generate an image of the metallic specimen. The resultant magnetic image is therefore a 2-dimensional surface plot of sensor-coil position in the x and y axes and voltage phase-difference on the z axis, as produced by performing a cubic piecewise-interpolation of the data.
III. IMAGING THROUGH ALUMINUM ENCLOSURES
In order to investigate the penetrating power of imaging through conductive enclosures, our experiment investigates imaging of a Copper disk through Aluminum enclosures of different thickness. 
a Units of mV or mA unless otherwise stated. b Average taken from 5 coils, includes 3 m of ribbon cable, and measurements were taken in the absence of any specimen. c Measurement was too small to be read by the available gauss meter.
The choice of Copper is arbitrary. There is no reason at this stage to use different metal. However, an extended study could be undertaken to test different metallic specimens enclosed within the container.
We adopt the method of subtraction-of-phases of the full and empty enclosures. 13 The boxes are completely closed with sides, top and bottom of the same thickness, and a Copper disk concealed inside. All the boxes have a base of 10.5 cm by 10.5 cm and heights between 2.9 cm and 5 cm. Each was imaged at 6 different frequencies, 10 Hz to 5 kHz. The disk has 30 mm diameter and 2 mm thickness, in all the boxes except in the 20 mm box, where the disk is 40 mm diameter by 3 mm thickness, as the 30 mm disk could not be detected for this size of enclosure.
Representative images are reported in Fig. 2 and 3 . Images that could not distinguish the disk were not included. This would be due to the box walls, being too deep in comparison to the skin depth, at the applied frequency. These results demonstrate that an image of the concealed disk could be extracted, from five Aluminum box-enclosures of 2 mm to 20 mm wall thickness. This was achieved at frequencies 10 Hz to 5 kHz, for the 2 mm and 3 mm thick boxes ( Fig. 2 (ai) to 3(aii) and 2(bi) to 3(biii)); at 10 Hz to 2 kHz for the 5 mm box (Fig. 2 (ci) to 3(cii)); and 10 to 200 Hz for the 10 to 20 mm thick boxes ( Fig. 2 (di) to 2(eiii)). Clearer disk-images were obtained at the mid-range frequencies, 40 Hz to 1 kHz, for box thicknesses that were not too large, i.e. 2 mm to 5 mm.
At lower frequency, and specifically 10 Hz, penetration of the driving field was sufficient to image the concealed disk, for all thicknesses of the box-enclosures, however the image was unstable and fluctuated. We attribute this, as due to smaller eddy currents induced in the specimen, giving a weaker potential-difference across the sensors (see Table II ). It was also noticed that at 10 Hz, the primary field is at its largest value of 2.9 mT (rms) (Table II) due to the low impedance of the Helmholtz coils (Table III) . A background image with no specimen present also shows instability at this frequency. At 10 Hz the strength of the source magnetic field is significantly reduced, and therefore at such a frequency there is not enough power in the field to excite enough eddy currents in the sample object, to generate a stabilized phase image.
The skin depth 14 of the Aluminum enclosure and the enclosed Copper disk, determines our ability to image through the enclosure. This is demonstrated by the images of Fig. 2 to 3 . The disk-images change shape slightly for the different thickness of the enclosure, but the overall shape remains consistent for different frequencies of the applied signals; except for the 10 and 20 mm thick boxes, which gave varying shapes within the same overall location of the actual disk. The edges of the disk-image can be observed in some of the images between 10 to 200 Hz, notably Fig. 2(aii) , 2(aiii), 2(cii) and 2(ciii). The image peaks at these frequencies in the disk-center and drops in phase below the background at the edges, due to the electrical field being concentrated there. 15 For frequencies of 1 kHz to 5 kHz, the phase values gave the opposite effect, dipping to lower values for the disk-center and rising above the background at the edges as shown in Fig. 3(ai) , 3(ci) and 3(cii). The absence of edge effects in some of the mages could have been caused when removing the lid to place the disk inside, so that the full and empty enclosures were not identically-repositioned. An additional cause may be the instability of the image. The 5 kHz image of the 3 mm Aluminum box gave a peaked image as opposed to a dipped image. It was noted that the two 5 kHz images shown, exhibited instability. This could be due to the very small magnetic field from the driver coils at this frequency, because the high impedance produces a much smaller current in the driver coils (Table II & revealing the edge of the box, higher up in the image. The 2 mm box image was captured many times at 5 kHz, but due to its light weight, it was vulnerable to being disturbed when removing and replacing back its lid. The images through 10 to 20 mm thick boxes, at frequency ≥ 1 kHz, were too fragmented and did not register the presence of the disk, as the skin depth, δ, varied between 2.69 to 1.2 mm, in the considered range of frequencies. The skin depth was therefore too small compared with the box thickness, thus denying penetration of the primary field.
The significant result presented in this work is that our EII system has been able to penetrate an Aluminum enclosure of 20 mm wall thickness, and that a magnetic signature of the disk can still be detected, even when the primary field has passed through 40 mm of Aluminum and a Copper disk of 40 mm diameter by 3 mm thickness. This was achieved at 10 to 200 Hz driving fields.
To quantify the penetrating power of our imaging system, we refer to the number of skin depths we can penetrate at a given frequency, to capture an image of the object inside the enclosure. Tables IV and V summarize our results for the depth of penetration at the different frequencies, as corresponding to the successful capture of an image. The penetration depth is given in terms of number n of skin depths, reported in units of the Al skin depth δ 14 for each frequency. The penetration depth includes the contributions from the top and bottom sides of the Aluminum box, each of thickness x 2 , as well as from the Copper (Cu) disk enclosed, of thickness x 1 . The number of skin depths n penetrated at a given frequency is given by n = 2x 2 /δ + x 1 /δ Cu , where δ Cu is the skin depth of Copper at the frequency of interest.
A more practical technique, that does not require opening the enclosure and removing its contents, is the dual-frequency method, described in Ref. 3 . This method relies on a low frequency image to penetrate the enclosure and a high frequency image to approximate the empty enclosure. While this technique works for conductive enclosures of 0.24 mm and 0.33 mm thickness, it does not appear to work for Aluminum boxes of ≥ 2mm thickness. This is because the high frequency image generates peaks of phase, that are not consistent with the low frequency image, and therefore the extraction of the concealed disk is rendered invalid. The identification of the exact mechanisms behind such a behavior will constitute the object of a separate investigation.
IV. POTENTIAL FOR IMAGING THROUGH OTHER MATERIALS
Our work dealt specifically with Aluminum enclosures and Copper disks. However from our results we can tentatively extrapolate the potential for imaging through metal shields of different materials. Fig. 4 displays a log-log plot of skin depth versus frequency for 4 common metals, Aluminum, Copper, Iron (99.95% pure in 2 mT field) and Lead. 16 Indicated in the plot, in blue, is the range of frequencies used in the present experiment, 10 Hz to 5 kHz. As from the plot, Copper is less penetrable than Aluminum, whereas greater penetrability is associated with Lead. Iron (99.95%) shows a much poorer penetration due to its larger relative permeability of µ r ∼ 5 × 10 3 . A slightly less pure Iron (99.91% pure in 2 mT field) has µ r equal to 200, and is therefore more penetrable.
We recall that the results presented in this paper have shown 7.33 skin depths were penetrated for imaging through the 20 mm Al box at 200 Hz. Beyond this value there is no visible detection of the Copper disk. This result for the penetration depth of imaging, and relative optimum frequency, will be used to discuss the potential for imaging through other materials.
Using Fig. 4 it is possible to extrapolate the thickness of Fe, Cu and Pb enclosures through which imaging should be possible with our current set-up. For a given material M of skin depth δ M at the imaging frequency, seven skin depths (n = 7) correspond to a thickness of the enclosure equal to x 2 in (1), maximum thickness of the different materials through which the set-up should be able to image. Proceeding as detailed above, we identify the potential for imaging through enclosure of thickness 54.8 mm for Pb, 0.52 mm for Fe (99.95% pure in 2 mT field) and 15.4 mm for Cu.
V. CONCLUSION
We have investigated the limits of magnetic imaging through metallic enclosures, analyzing the performance of imaging for different thickness of the enclosure. Our results show, that our system can image a Copper disk, even when enclosed within a 20 mm thick Aluminum box. On the basis of the reported results, we discussed the potential for imaging through different conductive materials.
The results presented here demonstrate the penetrating power of our system, and are of relevance to security applications such as cargo screening.
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